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Abstract
Diverse specialised metabolites contributed to the success of vascular plants 
in colonising most terrestrial habitats. Understanding how distinct aspects of 
chemical diversity arise through heterogeneous environmental pressures can 
help us understand the effects of abiotic and biotic stress on plant evolution and 
community assembly. We examined highland and lowland willow species within a 
phylogenetic framework to test for trends in their chemical α-diversity (richness) 
and β-diversity (variation among species sympatric in elevation). We show that 
differences in chemistry among willows growing at different elevations occur mainly 
through shifts in chemical β-diversity and due to convergence or divergence among 
species sharing their elevation level. We also detect contrasting phylogenetic trends 
in concentration and α-diversity of metabolites in highland and lowland willow 
species. The resulting elevational patterns contribute to the chemical diversity of 
willows and suggest that variable selective pressure across ecological gradients 
may, more generally, underpin complex changes in plant chemistry.
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INTRODUCTION

A broad array of metabolites has contributed to the suc-
cess of vascular plants, allowing them to colonise various 
habitats and occupy distinct niches (Pellissier et al., 2018; 
Wetzel & Whitehead,  2020). Diverse specialised me-
tabolites serve plants as defences against herbivores or 
protection from adverse abiotic conditions (Defossez 
et al., 2018; Volf et al., 2015, 2018). Understanding how 
chemical diversity arises through heterogeneous envi-
ronmental pressures can help us unravel the effects of 
abiotic and biotic stress on plant evolution and commu-
nity assembly (Maron et al., 2019; Sedio et al., 2012). This 
is especially important in our changing world where se-
lective pressures on plants are shifting rapidly (Pellissier 
et al., 2018).

Plants face myriad selective pressures in natural envi-
ronments. When searching for the mechanisms driving 
diversity of plant specialised chemistry, we need to un-
derstand how the prevailing selective landscape shapes 
trends in metabolite concentration, α-diversity (e.g. 
the number of metabolites in a plant) and β-diversity 
(chemical variation among plants). We can build on a 
large body of previous work relating functional traits in 
plant communities to habitat characteristics in a phylo-
genetic context (e.g. Cavender-Bares et al.,  2004; Sedio 
et al., 2012; Webb et al., 2002). Abiotic pressures should 
filter species that can persist within a community based 
on their traits, resulting in functional similarity across 
species (Cavender-Bares et al., 2004; Sedio et al., 2012). 
In contrast, antagonistic biotic interactions can prevent 
co-occurrence of species with functionally similar traits 
and defences (Becerra, 2007).

In terms of specialised chemistry, shared abiotic pres-
sure in plant communities should support directional 
phylogenetic trends towards increased content of me-
tabolites critical for plant survival, while reducing their 
β-diversity among species (Defossez et al.,  2021; Volf 
et al.,  2022). In contrast, chemical β-diversity should 
be high in communities exposed to strong biotic pres-
sures, such as herbivory, that generate negative density-
dependent feedback on assemblages of species sharing 
defensive traits (Sedio & Ostling,  2013). Evidence sug-
gests that there is competition for enemy-free space 
among regionally co-occurring plants, promoting their 
chemical divergence, which limits the number of herbi-
vores they share (Becerra, 2007; Kursar et al., 2009; Volf 
et al.,  2019). Additionally, the fitness costs inflicted by 
insect herbivores are thought to support phylogenetic 
escalation in α-diversity of chemical defences, allowing 
derived plant species with novel defences to escape her-
bivores over macroevolutionary timescales or to defend 
themselves against multiple natural enemies (Ehrlich & 
Raven, 1964; Maron et al., 2019; Whitehead et al., 2021).

Plants growing along elevational gradients represent 
ideal systems for dissecting the environmental drivers 
of chemical diversity (Defossez et al.,  2018; Moreira 

et al., 2018). Abiotic stress increases with elevation, pro-
moting investment into metabolites that are involved in 
protecting plants against UV-irradiation and serve as 
antioxidants (Volf et al.,  2022). In contrast, herbivory 
generally declines with elevation resulting in lower biotic 
pressure on high-elevation plants (Pellissier et al., 2014; 
Sam et al., 2019; Volf et al., 2022). In addition to driving 
trends in the presence and concentration of metabolites, 
elevational clines in environmental stress also have the 
potential to drive corresponding trends in their struc-
tural diversity (Volf et al., 2022). Structurally unrelated 
metabolites are synthesised through different metabolic 
pathways, and they are likely to serve different functions 
(Philbin et al., 2022). Using structurally informed indi-
ces can thus reveal functional trends in plant chemistry 
even in situations in which simple indices, such as total 
content of broad classes of metabolites, fail to show any 
patterns (Moles et al., 2011; Sedio et al., 2017).

Here we test if chemical diversity shows differential 
trends among species that regionally co-occur at differ-
ent elevations (‘realised habitats’ sensu Webb et al. (2002)) 
using willows growing in the Austrian Alps and adja-
cent lowland regions. Willows (Salix L.) colonised the 
Alps repeatedly, with some of the colonisation occur-
ring recently during the last glacial periods (Wagner 
et al., 2021). They form diverse local assemblages and are 
broadly distributed from lowland floodplains to the al-
pine zone. Willow specialised metabolites mainly consist 
of phenolics with distinct functions, facilitating the com-
parison of trends in metabolites that play different roles 
in plant biology (Volf et al., 2015, 2022). The phenolics 
found in willows include numerous flavonoids that are 
primarily involved in protecting willows against abiotic 
stress (Tegelberg & Julkunen-Tiitto, 2001). Additionally, 
willows possess various tannins and salicinoids that de-
fend them from insect herbivores and fungal pathogens 
(Hjalten et al., 2007; Volf et al., 2015). Salicinoids in par-
ticular have been studied for their anti-herbivore roles 
as they can deter generalist insects from feeding. In con-
trast, specialised herbivores can use them as feeding or 
oviposition cues (Denno et al., 1990; Hjalten et al., 2007).

Theory and experimental work suggest that low-
land plants experience higher rates of herbivory while 
highland species experience less favourable abiotic 
conditions. We made three predictions based on this ex-
pectation. (i) Leaves from highland willow species will 
have a greater concentration of secondary metabolites. 
This trend will be especially pronounced in metabolites 
such as flavonoids that serve as protection against abi-
otic conditions. (ii) In contrast, lowland willows will 
exhibit greater α- and β-diversity in their chemistry. 
Due to the recent, multiple independent colonisation 
events of the Alps by different willow species (Wagner 
et al., 2021), we might not be able to detect elevational 
differences because of confounding phylogenetic signal. 
However, we should still detect non-random autocorrela-
tion in traits by using methods sensitive to phylogenetic 
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trends. Hence, our final prediction is related to, but not 
contingent upon, the first two. Specifically, we predict 
that (iii) lowland species will show directional phyloge-
netic trends towards higher α-diversity in their metabo-
lites and generally more divergent chemical profiles than 
their highland relatives while highland species will show 
directional trends towards higher concentration and ac-
tivity of metabolites.

Overall, we show that differences in chemistry among 
willows growing at different elevations occur mainly due 
to shifts in chemical β-diversity among species sympatric 
in elevational range. We also detect contrasting phyloge-
netic trends in concentration and α-diversity of metab-
olites among the lowland versus highland species. This 
suggests that different evolutionary trajectories may act 
even in recently assembled plant communities experienc-
ing different sources of stress.

M ATERI A LS A N D M ETHODS

Field sampling

We studied 29 species of willows in the Czech Republic 
and Austria, encompassing an elevation gradient span-
ning >2500 m (175–2620 m asl). The sampling covers the 
majority of the regionally occurring 33 species (Table S1) 
and excludes mainly those occurring at mid elevations 
(Wagner et al., 2021). We also sampled Populus tremula 
as an outgroup. We divided the willow species into two 
categories based on their typical elevational range and 
sampled four to five individuals per species in the typical 
zone of their occurrence (Table S2). As ‘highland’ spe-
cies, we classified 14 species that occur in the subalpine 
and alpine zones but not in the colline zone (Wagner 
et al., 2021). As ‘lowland’ species, we classified 15 species 
that primarily occur in the colline and montane zones. 
Three of the ‘lowland’ species (Salix caprea, S. pentandra 
and S. purpurea) that typically occur in the colline and 
montane zones also include populations occurring in the 
subalpine zone. The intraspecific elevational variation in 
concentration or α-diversity of willow metabolites is typ-
ically smaller than interspecific differences and should 
not obscure the patterns explored here (Volf et al., 2022). 
Nonetheless, we limited our sampling of these three 
species to populations from the colline zone only. To 
broaden the phylogenetic sampling, we also included S. 
acutifolia that is native to Eastern Europe and sampled 
it at the elevation typical for this species in its natural 
range. We extracted annual daily mean temperature and 
annual precipitation amount from CHELSA V1. 2 data-
base (Karger & Zimmermann, 2019) for all individuals 
from lowland and highland species based on their GPS 
coordinates. The two groups differed in both tempera-
ture ( f2 = 16.422, F(1,27) = 443.2, p < 0.001) and precipita-
tion ( f2 = 5.489, F(1,27) = 148.2, p < 0.001) when compared 
with one-way ANOVA using species means.

We sampled freshly matured leaves from the central 
part of the shoot from each individual in May–July 2020, 
accounting for differences in leaf phenology across el-
evations. We used 20 undamaged leaves (or up to 100 
leaves in the case of S. serpyllifolia with extremely small 
leaves) for chemical analyses detailed below. We hap-
hazardly sampled additional 50 leaves to measure insect 
herbivory. We photographed the leaves and quantified 
herbivory in ImageJ (Abràmoff et al., 2004).

Chemical analysis

The leaves sampled for chemical analyses were stored in 
liquid nitrogen in the field. Later, we freeze-dried them, 
removed the petioles and homogenised the leaves. First, 
we performed broad-spectrum, untargeted metabo-
lomics to screen for smaller metabolites and to provide 
information on metabolite richness and structural α- and 
β-diversity. We supplemented this analysis with quanti-
fying the concentration and composition of proantho-
cyanidins that represent the major group of tannins in 
willows (Volf et al.,  2022). Finally, we ran two activity 
assays to quantify two major functions of polyphenols 
in anti-herbivore defence—oxidative activity and protein 
precipitation capacity.

Untargeted metabolomics

Small organic molecules were extracted from ca. 10 mg 
(in 0.01 mg accuracy) of homogenised material using 
methanol/water (90:10, v/v) following Sedio et al. (2021). 
We optimised UHPLC–MS parameters to detect and 
fragment metabolites representing a wide range in polar-
ity and mass (Sedio, Boya, et al., 2018). Separation of me-
tabolites by UHPLC was followed by heated electrospray 
ionisation (HESI) in positive mode using full scan MS1 
and data-dependent acquisition of MS2 (dd-MS2) on a 
Thermo Fisher Scientific QExactive hybrid quadrupole-
orbitrap mass spectrometer.

We first calculated metabolite concentrations (peak 
areas/mg), simple richness (the number of metabo-
lites per sample) and structural β-diversity among the 
samples. To do so, we aligned chromatograms using 
Mzmine2 (Pluskal et al., 2010), inferred molecular for-
mulae using Sirius (Dührkop et al.,  2019), predicted 
structures using CSI:fingerID (Dührkop et al., 2015) and 
classified the metabolites using CANOPUS (Dührkop 
et al.,  2021). Using this information, we created three 
datasets including (i) the whole metabolome (all detected 
metabolites), (ii) flavonoids and (iii) salicinoids plus their 
derivatives. We then uploaded the data to the Global 
Natural Products Social (GNPS) Molecular Networking 
platform (Wang et al., 2016) and used them to generate 
a molecular network using the ‘feature-based molecular 
networking’ method (Nothias et al., 2020) as described 
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in Sedio et al. (2021). We used the output to calculate the 
chemical structural-compositional similarity (CSCS) 
metric for every pair of samples in the three datasets to 
quantify the structural variation among samples based 
on MS/MS spectral similarity of the metabolites they 
contain following Sedio et al.  (2017). The CSCS metric 
provides a chemically meaningful measure of structural 
variation in metabolite composition even in cases in 
which samples do not share a metabolite. Structurally 
similar, but unshared metabolites would contribute 
zero to indices based solely on presence or concentra-
tion of shared metabolites (e.g. Bray–Curtis similarity) 
but make a positive contribution to CSCS. We calcu-
lated two measures of structural β-diversity based on the 
CSCS matrices: (i) CSCS distance among every pair of 
samples and (ii) uniqueness measured as mean pairwise 
CSCS distance between the given sample and all other 
samples from the same elevation category.

Second, we analysed the data with Qemistree 
(Tripathi et al.,  2021) to infer structural α-diversity of 
metabolites in the samples. We simultaneously inferred 
molecular structures using Sirius (Dührkop et al., 2019) 
and CSI:FingerID (Dührkop et al., 2015) and classified 
metabolites using ClassyFire. For each of the three me-
tabolite datasets, we built hierarchical dendrograms 
that reflect the structural similarity among individual 
metabolites and transformed these into distance ma-
trices (Tripathi et al., 2021). We used these matrices to 
calculate mean pairwise distance (MPD) index for the 
whole metabolome, flavonoids and salicinoids within a 
sample using NRI.p function in iCAMP package (Ning 
et al., 2020). We used MPD indices reflecting mean struc-
tural similarity among metabolites within a sample as 
our measure of structural α-diversity of metabolites. 
Please see Appendix S1 for details.

Proanthocyanidin quantification

We extracted proanthocyanidins from ca 20 mg (in 
0.01 mg accuracy) of homogenised material using ace-
tone/water (80:20, v/v) solvent as described in detail in 
Malisch et al.  (2016). We quantified procyanidin and 
prodelphinidin units found in proanthocyanidins (in 
mg/g) by UHPLC-QqQ-MS/MS with the methods of 
Engström et al.  (2014, 2015) as described in, for exam-
ple, Malisch et al. (2016). We used purified procyanidin-
rich proanthocyanidin fraction (procyanidin units) and 
purified prodelphinidin-rich proanthocyanidin fraction 
(prodelphinidin units) as external standards to quantify 
the focal compounds.

Polyphenol activities

We measured polyphenol oxidative activity following 
Salminen and Karonen  (2011) using gallic acid as the 

standard. We measured protein precipitation capac-
ity with the turbidimetric well-plate assay (Engström 
et al.,  2019) using pentagalloylglucose as the standard. 
Both assays gave activities in mg/g dry weight.

Willow phylogeny

We used whole-genome sequencing to sequence 35 wil-
low species representing all major clades in previous 
phylogenomic trees and all the species used in our chem-
ical analyses (He et al., 2021; Wagner et al., 2020). In ad-
dition, we included Populus tremula as an outgroup and 
Salix purpurea from NCBI (Zhou et al., 2020) (Table S3). 
Total genomic DNA was extracted from silica gel-dried 
leaves using the MagAttract HMW DNA kit (Qiagen). 
Whole-genome library preparation and DNA sequenc-
ing in an Illumina NovaSeq 6000 platform producing 
2 × 150bp paired end reads were carried out by the com-
pany Novogene. Please see Appendix S1 for the details 
on quality-check, assembly, mapping and alignments.

A concatenation-based phylogenetic tree was inferred 
using a maximum-likelihood inference (ML) in IQ-
TREE version 2.1.2 (Minh et al., 2020). Branch support 
was evaluated with 1000 likelihood bootstrap replicates. 
Using the pruned phylogenetic tree that contained only 
the focal willow species (Figure S1), we created an ultra-
metric tree by converting branch lengths to substitution 
rates and estimating lambda using Penalized Likelihood 
under a relaxed clock model (Paradis & Schliep, 2019).

Statistical analyses

We first compared arcsine-transformed species means 
of herbivory damage between lowland and highland 
willows with one-way ANOVA in R 4.2.0 (R Core 
Team, 2022). We then compared the trait values among 
highland lowland species to test our first and second 
hypothesis. We calculated species means (Table  S4) of 
metabolite concentration, activity, simple richness, 
structural α-diversity and uniqueness (Table 1). We com-
pared them between lowland and highland species using 
the ultrametric phylogenetic tree and Phylogenetic Least 
Squares Regression (PGLS) using the R packages ‘nlme’ 
(Pinheiro et al., 2019) and ‘phytools’ (Revell, 2012). We 
log-transformed metabolite concentrations and activ-
ities. We centred all traits, calculated standardised effect 
sizes (SES) from models using the transformed data in 
the R package ‘emmeans’ (Lenth et al., 2019), and cor-
rected the p-values for false discovery rate (Benjamini & 
Hochberg, 1995).

To further compare structural β-diversity in metabo-
lites among lowland and highland willows, we explored 
the variation in CSCS distances for all their metabo-
lites detected by untargeted metabolomics, flavonoids 
and salicinoids with multivariate methods in CANOCO 
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5 (ter Braak & Smilauer,  2012). We first transformed 
CSCS dissimilarity matrices into a set of axes describ-
ing the structural β-diversity among all studied species 
with Principal Coordinate Analysis (PCoA). Second, 
we derived a phylogenetic distance matrix based on pa-
tristic distances from the concatenation-based tree and 
transformed it into a set of axes with another PCoA. 
We selected the phylogenetic PCoA axes with signifi-
cant effects on chemistry axes with forward selection 
in Redundancy Analysis (RDA). Finally, we performed 
partial Principal Component Analysis (pPCA) showing 
the variation in chemistry while accounting for the effect 
of phylogeny. To do so, we used the chemistry PCoA axes 
as response variables and phylogenetic PCoA axes with 
significant effect on chemistry as covariates. To test if 
the differences in structural β-diversity were significant, 
we calculated mean inter-quartile distances on individ-
ual pPCA axes among the species sharing their elevation 
range. We compared the mean distances in the lowland 

and highland datasets with a paired t-test, weighted 
with the amount of variation explained by individual 
pPCA axes using the R package ‘weights’ (Chambers & 
Hastie, 2017).

We used three complementary analyses to explore 
our third hypothesis concerning the phylogenetic trends 
in chemical traits in highland and lowland willows. We 
used the same set of traits as in the PGLS analysis. First, 
we tested for deviations from local phylogenetic means 
in individual willow traits by calculating the Local 
Indicator of Phylogenetic Association (local Moran's I) 
at each tip of the phylogeny. We used patristic phyloge-
netic distances and tested the significance of each tip 
value using a two-tailed permutation test with 999 rep-
lications using the ‘lipaMoran’ function in ‘phylosignal’ 
(Keck et al., 2016). As we performed the test for multiple 
traits, we corrected the results for false discovery rate. We 
then took the upper quartile of largest deviations from 
the local phylogenetic mean and compared the count of 

TA B L E  1   Variables that we used to describe willow leaf chemistry.

Chemical variables Expected trend Recovered trend

Metabolite concentration and activity

Quantified as the area under peaks/mg or mg/g of leaf tissue

Concentration of flavonoids Higher in highlands Phylogenetic increase in highlands ***

Concentration of salicinoids Higher in highlands ***

Concentration of proanthocyanidins (PAs) Higher in highlands ***

Oxidative activity Higher in highlands Phylogenetic increase in highlands

Protein precipitation Higher in highlands —

Simple richness

Number of all metabolites in an individual sample

Simple richness of whole metabolome Higher in lowlands ***

Simple richness flavonoids Higher in lowlands Phylogenetic increase in highlands

Simple richness salicinoids Higher in lowlands ***

Structural α-diversity

Mean pairwise distance (MPD) quantifying the structural relatedness of metabolites in an individual sample

Structural α-diversity of whole metabolome Higher in lowlands —

Structural α-diversity of flavonoids Higher in lowlands —

Structural α-diversity of salicinoids Higher in lowlands ***

Structural β-diversity

Quantified as distance in CSCS matrices measured with PCoA axes in multivariate analyses or as uniqueness in univariate analyses. 
Uniqueness was calculated as mean pairwise distance between the given sample and all other samples in CSCS matrices

CSCS distance in whole metabolome Higher in lowlands —

CSCS distance in flavonoids Higher in lowlands Higher in lowlands

CSCS distance in salicinoids Higher in lowlands —

Uniqueness in whole metabolome Higher in lowlands Marginally higher in highlands

Uniqueness in flavonoids Higher in lowlands —

Uniqueness in salicinoids Higher in lowlands Marginally higher in lowlands

Note: For each variable, we include the expected and recovered differences between highland and lowland species as shown by our analyses after correcting 
for false discovery rate. The differences were either recovered by direct comparisons of trait values with phylogenetically controlled tests (marked as higher in 
lowlands or highlands) or suggested by phylogenetic trends and correlation between the distance from the phylogeny root and trait values (marked as phylogenetic 
increase in highlands). Traits marked with asterisks showed a divergence peak when analysed in DTT plots. Black asterisks indicate traits divergent only in the 
whole dataset, blue asterisks indicate traits divergent in the whole dataset and in highland dataset and orange asterisks indicate traits divergent in the whole and 
lowland dataset.
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those towards higher similarity vs. those towards lower 
similarity between highland and lowland species with a 
Chi-square test.

Second, we plotted the values of trait disparity 
through time (DTT) from the phylogeny root to its 
tips using the function ‘dtt’ in the R package ‘Geiger’ 
(Harmon et al.,  2008). We used the average square 
distance metric to calculate trait disparity and cre-
ated a null distribution of DTT with 95% confidence 
intervals using 999 simulations under Brownian mo-
tion. We did not apply a correction for performing 
multiple comparisons to DTT plots as we primarily 
used them to identify the most divergent traits among 
the studied species. For these traits, we then plotted 
the trends in the highland and lowland species to ex-
plore which of the two drove the divergence in the 
whole dataset.

Finally, we tested for directional changes in trait val-
ues among willow species from the root of the phylogeny 
by correlating Abouheif's distance (distance from the 
root) with trait values, as calculated in the R package 
‘adephylo’ (Jombart et al.,  2010). We corrected the re-
sults for false discovery rate. If we discovered a signifi-
cant correlation in the whole dataset, we also correlated 
Abouheif's distance with trait values for lowland and 
highland species, to examine which group drove the sig-
nificant trend.

We included Populus tremula in multivariate and 
LIPA analyses to provide a broader context to the vari-
ation among willow species and in DTT plots to provide 
the same root and span for all plots. We excluded it from 
other analyses.

RESU LTS

Herbivory damage did not differ between lowland 
and highland willows ( f2 = 0.027, F(1,27) = 0.72, p = 0.405; 
Figure  S2). The studied willow species showed high 
variation in most of the traits we used in PGLS analy-
ses (Figure S2). Highland willow species were higher in 
concentration of flavonoids (SES = 0.553, F(1,27) = 4.36, 
p = 0.046) and had greater uniqueness in the whole me-
tabolome (SES = 0.711, F(1,27) = 7.21, p = 0.012) while low-
land species had greater uniqueness in salicinoids 
(SES = −0.797, F(1,27) = 9.01, p = 0.006) (Figure 1, Table S5). 
The difference in concentration of flavonoids (padj = 0.189) 
and in the two measures of uniqueness (padj = 0.084 for 
both) became non-significant or marginally significant 
when we accounted for false discovery rate. Differences 
in other traits were not significant. Chemical composi-
tion of the whole metabolome in lowland and highland 
willow species largely overlapped when analysed with 
pPCA (Figure 2) and species in the two groups did not 
show significant difference in their CSCS distances 
(t(23) = −1.73, p = 0.092). When considering flavonoids, 
highland willows formed a subcluster within the lowland 
cluster, except for Salix mielichhoferi. Highland species 
exhibited lower CSCS distances in flavonoids than low-
land species (t(13) = 3.84, p = 0.002). Salicinoid composition 
only partly overlapped between lowland and highland 
species but CSCS distances in salicinoids were not sig-
nificantly different between the two groups (t(13) = −0.63, 
p = 0.538).

We recovered significantly different phylogenetic 
trends in the chemistry of lowland and highland species. 

F I G U R E  1   Standardised effect sizes (SES) extracted from PGLS models comparing highland and lowland willow species. Highland willow 
species were higher in concentration of flavonoids (SES = 0.553, F(1,27) = 4.36, p = 0.046) and uniqueness in the whole metabolome (SES = 0.711, 
F(1,27) = 7.21, p = 0.012) while lowland species were higher in uniqueness of salicinoids (SES = −0.797, F(1,27) = 9.01, p = 0.006). The difference in 
concentration of flavonoids (padj = 0.189) and in the two measures of uniqueness (padj = 0.084 for both) became non-significant or marginally 
significant when we accounted for false discovery rate. Traits higher in highland willows are in blue and traits higher in lowland willows are in 
yellow.
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When exploring the local phylogenetic means for indi-
vidual traits, we found 19 significant deviations towards 
lower similarity and seven significant deviations towards 
higher similarity between related species (Figure 3). Most 

of the deviations, except for uniqueness in flavonoids in 
Salix bicolor and uniqueness in salicinoids in S. myrtil-
loides, became non-significant after correcting for false 
discovery rate. There was a greater number of deviations 

F I G U R E  2   Partial Principal Component Analysis (pPCA) diagrams showing structural β-diversity in whole metabolome (a), flavonoids 
(b) and salicinoids (c) among lowland (yellow) and highland (blue) willow species. The β-diversity in willow chemistry was quantified with 
CSCS distance matrices that take structural similarity of individual metabolites into account to provide structural-compositional dissimilarity 
for individual samples. The first two pPCA axes explained 30.6% of the variation in whole metabolome, 39.9% of the variation in flavonoids 
and 32.9% of the variation in salicinoids. We used phylogenetic axes with significant effects on variation in willow chemistry as covariates to 
account for the effect of willow phylogeny.

-0.6 0.6

-0
.8

0.
8

Populus tremula

S. acutifolia

S. alba
S. aurita

S. bicolor

S. breviserrata

S. caesia

S. caprea

S. cinerea

S. daphnoides

S. eleagnos
S. foetida

S. euxina

S. glaucosericea

S. hastata

S. helvetica

S. herbacea
S. lapponum

S. mielichhoferi

S. myrtilloides

S. pentandra

S. purpurea

S. repens

S. reticulata

S. retusa

S. rosmarinifolia

S. serpyllifolia

S. triandraS. viminalis

S. waldsteiniana

-0.6 0.6

-0
.8

0.
8

Populus tremula

S. acutifolia

S. alba

S. aurita

S. bicolor

S. breiserrataS. caesia

S. caprea

S. cinerea

S. daphnoides

S. eleagnos

S. foetida
S. euxina

S. glaucosericea
S. hastata

S. helveticaS. herbacea
S. lapponum

S. mielichhoferi

S. myrtilloides

S. pentandra

S. purpurea

S. repens

S. reticulata

S. retusa

S .rosmarinifolia

S. serpyllifolia
S. triandra

S. viminalis

S. waldsteiniana

-0.6 1.0

-0
.8

0.
8

Populus tremula

S. acutifolia

S. alba

S. aurita
S. bicolor

S. breviserrata

S. caesia

S. caprea

S. cinerea

S. daphnoides

S. eleagnos

S. foetida

S. euxina

S. glaucosericea S. hastata

S. helvetica
S. herbacea

S. lapponum

S. mielichhoferi

S. myrtilloides

S. pentandra

S. purpurea

S. repens

S. reticulata

S. retusa

S. rosmarinifolia

S. serpyllifolia

S. triandra

S. viminalis

S. waldsteiniana

Legend
Highland species
Lowland species

(a) (b) (c)

F I G U R E  3   Deviations from local phylogenetic mean in the measured chemical traits. Columns pointing towards left suggest dissimilarity 
and divergence. Columns pointing towards right suggest similarity and conservatism. Lowland willows are in yellow and highland willows 
are in blue. Species with significant deviation in local Moran's index in the given trait are in darker colours and marked with one (p < 0.05) 
or two (p < 0.01) asterisks. All deviations except for deviation in uniqueness in flavonoids in Salix bicolor and uniqueness in salicinoids in S. 
myrtilloides became non-significant after correcting for false discovery rate.
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towards higher similarity among highland willow spe-
cies than among lowland willows species (χ2

(7) = 16.79, 
p = 0.019). The number of deviations towards lower simi-
larity did not differ between the two datasets (χ2

(7) = 10.45, 
p = 0.165). When we explored divergence with DTT plots 
in the whole dataset, we identified flavonoid concentra-
tion, salicinoid concentration, proanthocyanidin con-
centration, simple richness of the whole metabolome, 
simple richness of salicinoids and structural α-diversity 
of flavonoids as traits showing divergence peaks outside 
the confidence intervals (Figure 4). The remaining eight 
traits did not show such a trend (Figure S3). The trends 
in flavonoid concentration, proanthocyanidin concen-
tration, simple richness of salicinoids and structural 
α-diversity of flavonoids were driven by the lowland 
species. The concentration of salicinoids diverged in the 
highland species but the divergence peak occurred at a 
shallower level than in the whole dataset. None of the 
separate datasets showed a significant divergence in the 
case of simple richness of the whole metabolome.

Five out of the 14 chemical traits showed significant 
directional phylogenetic trends among the studied spe-
cies (Table S6). We detected an increase from the root to 
the tip of our phylogenetic tree in flavonoid concentra-
tion ( f2 = 0.447, F(1,27) = 12.07, p = 0.002), polyphenol oxi-
dative activity (f2 = 0.538, F(1,27) = 14.51, p = 0.001), protein 
precipitation capacity ( f2 = 0.157, F(1,27) = 4.25, p = ​0.049),  
and simple richness of flavonoids ( f2 = 0.553, F(1,27) = 14.93, 

p = 0.001). We detected a decrease in flavonoid uniqueness 
( f2 = 0.227, F(1,27) = 6.13, p = 0.019). While the other trends 
remained significant, the trends in protein precipita-
tion and flavonoid uniqueness became non-significant 
after correcting for false discovery rate (Table S6). The 
significant trends in the whole dataset were driven by a 
strong increase in flavonoid concentration (f2 = 0.971, F(1,12) = ​
11.66, p = 0.005), polyphenol oxidative activity (f2 = ​1.537, 
F(1,12) = 18.44, p = 0.001) and simple richness of flavonoids ( f2 = ​ 
1.211, F(1,12) = 14.54, p = 0.002) among derived highland 
species (Figure 5).

DISCUSSION

Diversity of specialised metabolites helps plants cope 
with various biotic and abiotic pressures (Wetzel & 
Whitehead, 2020). Our results indicate that fundamental 
ecological and evolutionary pathways to chemical diver-
sity vary across selective regimes experienced by wider 
communities of plants growing at different elevations.

We show that differences in chemistry among willows 
growing at different elevations occur mainly through 
shifts in chemical β-diversity. The differences in struc-
tural β-diversity between lowland and highland willows 
were most pronounced in flavonoids that serve plants as 
anti-oxidants and protection against abiotic factors such 
as UV-irradiation (Tegelberg & Julkunen-Tiitto,  2001; 

F I G U R E  4   Mean disparity through time (DTT) plots for traits with significant deviation from character evolution expected under 
Brownian motion in the whole dataset. Solid and dashed lines show disparity in concentration of flavonoids (a), concentration of salicinoids 
concentration (b), concentration of proanthocyanidins (c), simple richness of whole metabolome (d), simple richness of salicinoids (e) and 
structural α-diversity of flavonoids (f). The solid lines show deviations from Brownian motion peaking outside the confidence intervals in 
the whole dataset (black), lowland willows (yellow) and highland willows (blue). Dashed lines show non-significant trends. The shaded areas 
indicate the 95% confidence interval for the simulated data based on 999 simulations of character evolution on the phylogeny of studied willow 
species under Brownian motion. We included Populus tremula in DTT plots to provide the same root and span for all plots.

(a) (b) (c)

(d) (e) (f)
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Treutter, 2006). In addition to showing lower structural 
β-diversity of flavonoids, highland species also showed 
more frequent phylogenetic deviations towards in-
creased chemical similarity. These trends are consistent 
with previous studies reporting habitat filtering in plant 
assemblages mediated by traits associated with abiotic 
tolerance (Bakhtiari et al.,  2021; Savage & Cavender-
Bares, 2012; Sedio et al., 2012). Willows have repeatedly 
colonised alpine habitats and the focal highland species 
have probably evolved similar flavonoid profiles inde-
pendently (Wagner et al., 2020). Additionally, our results 
suggest that highland willows have converged towards 
structurally similar flavonoids, possibly producing only 
those with the highest bioactivity relative to concentra-
tion (Volf et al., 2022). This may be especially important 
given the shorter alpine growing season and resource-
poor habitat, perhaps explaining why many plants from 
high elevations invest in high concentrations of bioactive 
metabolites (Defossez et al., 2021).

Our results also point to differential elevational 
clines in β-diversity of various metabolites that likely 
depend on their importance for survival at high ele-
vations. In contrast to our first hypothesis, we found 
a marginally higher β-diversity in the whole metabo-
lome of highland species. These results are similar to 
Volf et al.  (2022), who found an elevational increase 

in intra- and interspecific variation in overall willow 
metabolomes. The whole metabolome includes metab-
olites with diverse functions, some of which are pos-
sibly less essential to survival at high elevations. Such 
metabolites may be more prone to random changes due 
to detrimental effects of abiotic factors on metabolic 
pathways (Pellissier et al., 2014). Changes in the whole 
metabolome, including primary metabolites, may also 
reflect different microhabitat preferences of high eleva-
tion species (Volf et al., 2022).

We did not find significant differences in concentra-
tion and α-diversity of metabolites between highland 
and lowland willow species. The absence of significant 
differences in metabolite concentration and α-diversity 
observed in the studied species may have resulted from 
recent postglacial colonisation of the Alps from differ-
ent ice-free refugia (Wagner et al.,  2021), which could 
blur any macroevolutionary patterns. Although our 
limited taxonomic sampling prevents us from inferring 
macroevolutionary patterns more robustly, we found 
differential phylogenetic trends among highland and 
lowland species. These trends might be associated with 
changes in elevational range and may indicate differen-
tial evolutionary trajectories in chemistry between spe-
cies growing under different selection pressures (Maron 
et al., 2019; Volf et al., 2019).

F I G U R E  5   Scatter plots for traits showing significant correlation with distance from the root (Abouheif's distance) of the phylogenetic 
tree in the whole dataset. Flavonoid concentration (A; F(1,27) = 12.07, p = 0.002), polyphenol oxidative activity (B; F(1,27) = 14.51, p = 0.001), protein 
precipitation capacity (C; F(1,27) = 4.25, p = 0.049), and simple richness of flavonoids (D; F(1,27) = 14.93, p = 0.001) increased with the distance from 
the root of the tree including all willow species. Flavonoid uniqueness decreased (E; F(1,27) = 6.13, p = 0.019). The trends in whole dataset were 
driven by increase in flavonoid concentration (F(1,12) = 11.66, p = 0.005), polyphenol oxidative activity (F(1,12) = 18.44, p = 0.001) and simple richness 
of flavonoids (F(1,12) = 14.54, p = 0.002) among derived species of highland willows. The trends in protein precipitation and flavonoid uniqueness 
were no longer significant when we accounted for false discovery rate, and neither were significant these trends in the partial datasets. Black 
lines show trends in the whole dataset, yellow lines show trends in lowland species and blue lines show trends in highland species. The solid 
lines show significant trends. Dashed lines show non-significant trends. The shaded areas show the confidence intervals.
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Contrastingly to our expectations, we observed a di-
rectional trend towards a higher simple richness of flavo-
noids among phylogenetically derived highland willow 
species. Similar phylogenetic trends may underline the 
high chemical α-diversity in highland plants reported by 
recent studies (Bakhtiari et al., 2021; Defossez et al., 2021; 
Moreira et al., 2018; Volf et al., 2020). It is difficult to as-
sess whether producing a greater richness of structurally 
related metabolites can provide high-elevation plants 
with ecological benefits, for example, through positive 
interactions between individual metabolites (Wetzel & 
Whitehead, 2020). In another study, we found a decrease 
in structural α-diversity of flavonoids within willows 
growing along an elevational gradient (Volf et al., 2022). 
Together, these results suggest that harsh abiotic con-
ditions may favour production of related metabolites 
through small tweaks in metabolic pathways, while re-
ducing production of structurally distinct metabolites in 
willows.

We based several of our expectations on the fact that 
damage from herbivores almost invariably decreases 
towards higher elevations when considering single con-
tinuous elevational gradients (Pellissier et al., 2014; Sam 
et al., 2019; Volf et al., 2022). Here we observed similar 
levels of herbivory on highland and lowland willows. This 
may occur due to a hump-shaped elevational cline in her-
bivory, variation in herbivore community composition at 
the regional scale or seasonal accumulation of herbivory 
that were not captured by our measurements (Landsberg 
& Gillieson, 1995). Nevertheless, the comparatively uni-
form levels of overall herbivory in lowland and highland 
willows may be consistent with the phylogenetic trends 
in concentration of chemical defences due to underlying 
gradients in abiotic stress (Defossez et al., 2018; Moreira 
et al., 2018). For example, it could explain the trend to-
wards higher oxidative activity among derived high-
land species that need to defend their valuable biomass, 
having limited resources for compensatory regrowth 
(Pellissier et al., 2016; Salgado et al., 2016). Production of 
reactive radicals through polyphenol oxidative activity 
has pronounced effects on insect herbivores (Salminen & 
Karonen, 2011), and these may be elevated at high eleva-
tions where herbivores face oxidative stress due to abiotic 
conditions. However, the comparative levels of herbivory 
do not explain the chemical divergence or marginally 
higher β-diversity in salicinoids we observed in lowland 
willows.

The effect of antagonistic biotic interactions on the 
traits that characterise plant communities is thought 
to vary with the host specificity of plant enemies (Volf 
et al., 2018). Simulation models suggest that enemies of 
intermediate host specificity favour local assemblages 
of the most chemically distinct plant species (Sedio & 
Ostling,  2013). This is because chemical divergence in 
local communities filtered from the regional pool allows 
plants to avoid sharing their oligophagous herbivores 
(Becerra,  2007; Kursar et al.,  2009; Volf et al.,  2019). 

Willows harbour a diverse selection of oligophagous her-
bivores feeding only on Salicaceae (Hjalten et al., 2007; 
Volf et al.,  2015). We lack herbivore community data 
and cannot compare herbivore host specificity between 
lowland and highland willows. Some specialised herbi-
vores, such as sawflies that use salicinoids as feeding 
cues, are cold-adapted and can occur at relatively high 
elevations (Hjalten et al., 2007; Nyman et al., 2006). This 
could explain the divergence in salicinoid concentration 
among highland willow species. However, sawflies are 
typically less abundant than other specialised herbivores 
in the region of our study (Volf et al., 2015). In light of 
our phytochemical results, we therefore predict that 
willow-herbivore host specificity declines with elevation 
as it does in other plant systems in the region (Pellissier 
et al.,  2012) and may be one reason for more frequent 
chemical divergence among the lowland species. Further 
studies on elevational clines in herbivore community 
composition are thus needed to explore if the observed 
differences between highland and lowland willows are 
driven by elevational variation in the host specificity of 
herbivores.

Overall, we show that different trends contribute to 
distinct aspects of chemical diversity in speciose gen-
era of plants occupying different realised habitats. 
While abiotic stress at high elevations filters plants to-
wards similar chemistry and possibly supports chemical 
convergence, lowland conditions promote divergence 
between closely related species. Differential trends in al-
ternative measures of chemical diversity among lowland 
and highland plants may shed light on trends in plant 
chemistry along other major ecological gradients. The 
hypothesis that biotic interactions are more intense in 
the tropics and contribute to the global latitudinal diver-
sity gradient has been popular since Wallace (1878) and 
Dobzhansky  (1950). However, evaluations of this pre-
diction that have focused on overall rates of herbivory 
and variation in concentration of broad chemical classes 
have found either little variation with latitude or greater 
plant investment in defence at higher latitudes (Moles 
et al., 2011). Contrastingly to coarse herbivory rates, her-
bivore host specialisation does appear to decrease with 
latitude at the global scale (Dyer et al., 2007). Similarly, 
chemical β-diversity appears to be greater in warmer cli-
mates (Sedio et al.,  2021) and tropical latitudes (Sedio, 
Parker, et al., 2018). These latitudinal patterns of herbiv-
ory, host specialisation, quantitative investment in chem-
ical defence and chemical β-diversity may be analogous 
to elevational clines due to similar underlying gradients 
in the relative importance of abiotic stress and biotic in-
teractions (Becerra,  2015). The rapidly expanding field 
of metabolomics promises to reveal the mechanisms by 
which plant interactions with their biotic and abiotic en-
vironment govern and are governed by convergence or 
divergence in various aspects of plant chemical diversity 
along major ecological gradients (Philbin et al.,  2022; 
Sedio, Parker, et al., 2018).
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